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A putative flavin electron transport pathway is differentially
utilized in Xenopus CRY1 and CRY2
Haisun Zhu and Carla B. Green
Xenopus laevis cryptochromes (xCRYs) can dian clock [7], all three xcrys are rhythmically expressed,
with peaks of expression at different times of the day [6].suppress xCLOCK/xBMAL1-mediated activation of
a period E box-containing promoter. This
suppression is a crucial part of the vertebrate The potential role of CRY proteins as photoreceptors has
circadian oscillator. Similar to CRYs in other species, been a matter of great interest and controversy [8–11].
as well as to the closely related photolyases, xCRYs Drosophila and plant CRY functions, like that of the
have a conserved flavin binding domain. We show closely related photolyase protein family, have been
here that an intact flavin binding domain is required shown to be directly regulated by light [3, 12, 13] and
for normal function. However, it appears that each contribute to light entrainment of the circadian system
xCRY may utilize the bound flavin differently. [4, 14–17]. In contrast, mouse CRYs are a crucial part of
Mutation in any of the three conserved tryptophan the central circadian oscillator mechanism, residing in the
residues in the putative electron transport chain hypothalamic suprachiasmatic nucleus (SCN), which is
inhibits xCRY2b function, while only the mutation in responsible for regulating locomotor activity rhythms.
the last of the three tryptophans significantly Mice lacking both cry genes show completely arrhythmic
affects xCRY1 function. Although knockout studies circadian behavior [1, 2]. Furthermore, although loss of
in mice have suggested that CRY1 and CRY2 are retinal CRYs appear to diminish the acute response to
not totally redundant [1, 2], this is the first time that light in the SCN [2, 11], direct light sensitivity of mCRY
molecular/biochemical differences between CRY1 biochemical function has not been detected in in vitro
and CRY2 have been demonstrated. Both CRYs assays [18].
seem to require an intact flavin binding domain,
suggesting that electron transport is important in Biochemical studies indicate that dCRY andmCRYs func-
their ability to suppress CLOCK/BMAL1 activation. tion differently. dCRY is thought to communicate light
However, only xCRY2b appears to depend on signals to the clock by interacting with the TIMELESS
electron transport through the conserved (TIM) and PERIOD (PER) proteins in a light-dependent
tryptophan pathway. manner, resulting in subsequent TIM degradation and
relief of suppression of CLOCK/CYCLE-activated tran-
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vertebrate and insect CRYs, we examined the role of
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CRYs expressed in the Xenopus retina. Unlike the mouse 2001 Elsevier Science Ltd. All rights reserved.
SCN, in which the clock is entrained to light indirectly
via the eye, the Xenopus laevis retina contains a robust
clock that can oscillate independently and can be en-
trained by light directly [7, 26, 27]. We tested the xCRYsResults
Cryptochromes (crys) have been identified in many organ- using a transient transfection experiment similar to those
described for mCRYs in which a per E box-containingisms including plants, insects, and vertebrates [3–5]. CRYs
are involved in circadian clock function in all of these promoter drives a luciferase reporter [28, 29]. Expression
of xCLOCK and xBMAL1 in these cells causes a largeorganisms, although their roles in the clock vary. We have
cloned three cryptochromes from the Xenopus laevis retina activation of the luciferase reporter gene activity (Figure
1), similar to what has been seen in all other systemsand named them xcry1, xcry2a, and xcry2b based on their
high degree of similarity to mouse cry1 and cry2 [6]. In studied. Expression of xCRYs can effectively shut down
this activation in a dose-dependent manner. Total repres-the Xenopus retina, which contains an endogenous circa-
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Figure 1 sion was observed when equal amounts of xcry1 or xcry2b
and xClock and xbmal1 cDNA were transfected; although,
relative protein levels in these cells are not known (Figure
1). Although all three CRYs were effective at repression,
we did notice that xCRY2a is considerably weaker than
the other two xCRYs, most likely due to the fact that this
clone is missing sequence that would result in the loss of
approximately 80 amino acids from the amino-terminus
of the protein [6]. (For this reason, xCRY2a was omitted
from subsequent experiments.) We found that light has
no effect on the ability of xCRYs to suppress xCLOCK/
xBMAL1 activation in this assay; the cells kept under
constant bright light (1.6 mW/cm2) throughout the experi-
ment are indistinguishable from the samples kept in con-
stant darkness (Figure 1).
Though the repressive action of xCRYs is not light sensi-
tive in this cell culture study, xCRYs do have a distinct
flavin binding domain. Flavin is often part of electron
transport systems and is also sensitive to light. In fact, it
is believed that the light responsiveness of dCRY, plant
CRY, and photolyases are all mediated through the bound
flavin [4, 14, 30–32]. To test whether flavin binding is
important to xCRY function, we generated a mutation
analogous to a dCRY mutation, crybaby, in which one of the
amino acids thought to be involved in flavin binding was
mutated from aspartic acid (D) to asparagine (N). Flies
with this mutation are defective in their ability to entrain
to light but can maintain a locomotor rhythm if entrained
to a temperature cycle [14]. This mutation is thought to
disrupt flavin binding, although this has not been directly
demonstrated. In addition, it was initially thought that
the crybaby mutation affected the protein stability [14], but
later studies showed that the mutation also affected the
interaction between TIMELESS, CRY [13], and PER
[22]. In our experiment, we found that the crybaby-like
mutation severely inhibits both xCRY1’s and xCRY2b’s
function (Figure 2). Again, no difference in activity can
be detected in light or dark conditions (Figure 2). Cell
extracts prepared from the transfected cells were tested
for xCRY protein levels by Western blot (Figure 2, inset).
This analysis shows that the levels of mutated and wild-
type proteins are comparable, indicating that the loss of
function in the mutant is not due to the instability of the
protein.
xCRYs can suppress xCLOCK/xBMAL1 activation in both constant light
and constant dark conditions. COS-7 cells were transfected with a
per E box-luciferase reporter gene and various expression plasmids. Since an intact flavin binding domain appears to be crucial
Firefly luciferase activity was measured and normalized to a for xCRY function, but no clear light response can be
transfection control (Renilla luciferase). All values are means of three detected, we wondered how a bound flavin might work.independent wells, expressed relative to the samples containing only
It could simply be responsible for promoting the precisethe reporter plasmids (which were set to 1.0, error bars represent
SEM). For the five lanes containing the xcry plasmids, the ratio tertiary structure of the protein, or, as in other systems,
between xClock, xbmal1, and xcry are 1:1:1, 1:1:0.33, 1:1:0.1, 1:1:0.03, it could be involved in electron transport that affects the
and 1:1:0.01 (from left to right). The white bars represent the cultures protein’s properties. To test whether the electron trans-under constant light (LL), while the gray bars represent the cultures
port is important for CRY function, we made mutationsmaintained in constant darkness (DD). These data are representative of
four independent replicates of this experimental protocol. in one of the conserved putative transport pathways that
was well characterized in photolyase studies. In order for
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Figure 2 Figure 3
Mutations in the conserved electron transport chain differentially affect
xCRYs function. The transient transfection experiments were carried
out as described in the previous two figures. The left two lanes show
the luciferase activities with and without xClock and xbmal1 transfected.
The middle four lanes show the relative activities when equal amounts
of xcry1, xcry1-W320Y, xcry1-W374Y, and xcry1-W397Y were
transfected. The right four lanes show the activities of xcry2b, xcry2b-
W324Y, xcry2b-W378Y, and xcry2b-W401Y. The Western blot
result, inset above each condition, shows the xCRY protein levels and
relative protein size in the cell lysates. (The predicted protein size for
xCRY1 is 70 kDa, and xCRY2b is 64 kDa. Each of the xCRYs is linked
in frame with a flag tag to ensure antibody detection.) The white
arrowhead indicates xCRY1, and the black arrowhead indicates
xCRY2b. (ns, or p  0.05; ANOVA with Tukey-Kramer poshoc test
comparing the effect of xCRY1-W320Y and xCRY1-W378Y to the
xCRY1 wild-type protein. The same test also shows that p  0.001
[indicated by a triple asterisk], when comparing the effect between
xCRY1 and xCRY1-W397Y and between xCRY2b, wild-type, and
all three mutated xCRY2b proteins.) Each value represents the means
of four independent wells normalized to the transfection control.
Error bars show the SEM. These data are representative of three
replicates of this experimental protocol.
Xenopus crybaby-like mutation alters xCRY function. These experiments
were done as described for Figure 1, except that, in some cases, will block this pathway [34, 35]. Interestingly, these three
mutated xcry plasmids were used. From left to right, the ratio of xClock, tryptophans are conserved in all animal CRYS that havexbmal1, and xcry or xcry mutations used were 1:1:1, 1:1:0.1, and
been examined. We generated conservative mutations in1:1:0.01. The white bars represent LL, while the gray bars represent
DD. Each value is the mean of three independent wells, expressed all three tryptophans in this pathway (xCRY1-W320,
relative to the transfection control. (Error bars represent SEM.) The xCRY1-W374, xCRY1-W397, xCRY2b-W324, xCRY2b-
Western blot result inset above each condition shows the xCRY W378, and xCRY2b-W401), changing each to tyrosine (Y).protein level in the cell lysates. As the amount of the expression plasmid
As in the photolyase analysis, it is unlikely that thesedecreased, less protein was observed. (A triple asterisk indicates
that p  0.001; ANOVA with Tukey-Kramer posthoc test comparing conservative mutations will affect the tertiary protein
the effect of the wild-type and mutant protein at same transfected structure [34]. Surprisingly, our data show that thesemuta-
dosage.) These data are representative of three independent replicates tions have differential effects on xCRY1 and xCRY2b. In
of this experimental protocol.
xCRY2b, mutations in any of the three conserved trypto-
phan residues are severely defective in suppressing
xCLOCK/xBMAL1 activation. In contrast, only themuta-
tion in the third tryptophan (W397Y) significantly affectedphotolyase to repair DNA, its bound flavin must be in
the reduced form [30, 33]. The flavin is reduced by light the activity of xCRY1 (Figure 3). In addition, the effect
of mutations on both xCRY1 and xCRY2b does not resultthrough an electron transport chain that involves three
critical tryptophan residues [34–36]. In E. coli photolyase, in total loss of function and is less severe than the crybaby
mutation (compare to Figure 2). The entire coding regionsthe electron is transported from W306 to W359 to W382
and then to flavin. Mutation in any of these tryptophans of the mutant genes were sequenced to verify that no
1948 Current Biology Vol 11 No 24
genes and circadian rhythmicity by cryptochromes 1 and 2.additionalmutations were introduced.Western blot analy-
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ses of the cell lysates confirm that there are comparable 3. Ahmad M, Cashmore AR: HY4 gene of A. thaliana encodes a
protein with characteristics of a blue-light photoreceptor.levels of wild-type and mutated proteins (Figure 3 inset).
Nature 1993, 366:162-166.This result indicates that xCRY1 and xCRY2b function 4. Emery P, So WV, Kaneko M, Hall JC, Rosbash M: CRY, a
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Putative human blue-light photoreceptors hCRY1 anddues may reflect different usage of electron transport or
hCRY2 are flavoproteins. Biochemistry 1996, 35:13871-13877.different interactions with other proteins. 6. Zhu H, Green CB: Three cryptochromes are rhythmically
expressed in Xenopus laevis retinal photoreceptors. Mol
Vis 2001, 7:210-215.In this study, we confirmed that xCRY can suppress
7. Besharse JC, Iuvone PM: Circadian clock in Xenopus eye
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rectly pass electrons to the flavin, are required for protein Functional redundancy of cryptochromes and classical
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Proc Natl Acad Sci USA 2000, 97:14697-14702.
other two conserved tryptophans, xCRY1 may be able to 12. Ahmad M, Jarillo JA, Smirnova O, Cashmore AR: The CRY1 blue
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CRYPTOCHROME. Science 1999, 285:553-556.the photolyase, it also appears to be used for these light-
14. Stanewsky R, Kaneko M, Emery P, Beretta B, Wager-Smith K, Kayinsensitive CRY functions. Recently, CLOCK/BMAL1 SA, et al.: The cryb mutation identifies cryptochrome as a
circadian photoreceptor in Drosophila. Cell 1998, 95:681-692.DNA binding has also been shown to be under redox
15. Emery P, Stanewsky R, Hall JC, Rosbash M: A unique circadian-control [37]. It is possible that CRYs have evolved to
rhythm photoreceptor. Nature 2000, 404:456-457.
interact and regulate CLOCK/BMAL1 function through 16. Somers DE, Devlin PF, Kay SA: Phytochromes and
cryptochromes in the entrainment of the Arabidopsiselectron transfer.
circadian clock. Science 1998, 282:1488-1490.
17. Mas P, Devlin PF, Panda S, Kay SA: Functional interaction of
phytochrome B and cryptochrome 2. Nature 2000, 408:207-More than one cry homolog has been identified in human,
211.mouse, and zebrafish [5, 10, 38]. However, the difference 18. Griffin EA Jr, Staknis D, Weitz CJ: Light-independent role of CRY1
between the individual homologs has always been ob- and CRY2 in the mammalian circadian clock. Science 1999,
286:768-771.scure. In mice, different functions for CRY1 and CRY2
19. Hunter-Ensor M, Ousley A, Sehgal A: Regulation of thehave been suggested by the observation that mcry1 or Drosophila protein timeless suggests a mechanism for
resetting the circadian clock by light. Cell 1996, 84:677-685.mcry2 knockout mice have shorter or longer activity peri-
20. Lee C, Parikh V, Itsukaichi T, Bae K, Edery I: Resetting theods, respectively, than normal. However, in vitro tests, Drosophila clock by photic regulation of PER and a PER-
such as transfection assays and yeast two-hybrid studies TIM complex. Science 1996, 271:1740-1744.
21. Myers MP, Wager-Smith K, Rothenfluh-Hilfiker A, Young MW: Light-have failed to detect these differences in function. Our
induced degradation of TIMELESS and entrainment of themutational analysis has uncovered subtle differences in Drosophila circadian clock. Science 1996, 271:1736-1740.
22. Rosato E, Codd V, Mazzotta G, Piccin A, Zordan M, Costa R, et al.:xCRY1 and xCRY2 functions and provides a mechanism
Light-dependent interaction between Drosophila CRY andto further analyze the roles of these two proteins in the the clock protein PER mediated by the carboxy terminus of
vertebrate circadian clock. CRY. Curr Biol 2001, 11:909-917.
23. Krishnan B, Levine JD, Lynch MK, Dowse HB, Funes P, Hall JC, et
al.: A new role for cryptochrome in a Drosophila circadian
Acknowledgements oscillator. Nature 2001, 411:313-317.
We thank Dr. Richard Day for generously providing the mouse per E Box 24. Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR, Jin X, et al.:
luciferase construct for the transfection experiments. We also thank Julie mCRY1 and mCRY2 are essential components of the
Baggs and Naoto Hayasaka for their helpful comments on this manuscript. negative limb of the circadian clock feedback loop. Cell 1999,
This work was supported by National Institutes of Health grants EY11489 98:193-205.
and MH61461 (C.B.G.). 25. Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves I, Zheng
B, et al.: Interacting molecular loops in the mammalian
circadian clock. Science 2000, 288:1013-1019.
References 26. Cahill GM, Besharse JC: Resetting the circadian clock in
1. van der Horst GT, Muijtjens M, Kobayashi K, Takano R, Kanno S, cultured Xenopus eyecups: regulation of retinal melatonin
Takao M, et al.: Mammalian Cry1 and Cry2 are essential for rhythms by light and D2 dopamine receptors. J Neurosci 1991,
maintenance of circadian rhythms. Nature 1999, 398:627-630. 11:2959-2971.
2. Vitaterna MH, Selby CP, Todo T, Niwa H, Thompson C, Fruechte 27. Cahill GM, Besharse JC: Circadian clock functions localized in
Xenopus retinal photoreceptors. Neuron 1993, 10:573-577.EM, et al.: Differential regulation of mammalian period
Brief Communication 1949
28. Gekakis N, Staknis D, Nguyen HB, Davis FC, Wilsbacher LD, King
DP, et al.: Role of the CLOCK protein in the mammalian
circadian mechanism. Science 1998, 280:1564-1569.
29. Jin X, Shearman LP, Weaver DR, Zylka MJ, de Vries GJ, Reppert
SM: A molecular mechanism regulating rhythmic output
from the suprachiasmatic circadian clock. Cell 1999, 96:57-
68.
30. Payne G, Heelis PF, Rohrs BR, Sancar A: The active form of
Escherichia coli DNA photolyase contains a fully reduced
flavin and not a flavin radical, both in vivo and in vitro.
Biochemistry 1987, 26:7121-7127.
31. Lin C, Ahmad M, Gordon D, Cashmore AR: Expression of an
Arabidopsis cryptochrome gene in transgenic tobacco
results in hypersensitivity to blue, UV-A, and green light. Proc
Natl Acad Sci USA 1995, 92:8423-8427.
32. Park HW, Kim ST, Sancar A, Deisenhofer J: Crystal structure of
DNA photolyase from Escherichia coli. Science 1995,
268:1866-1872.
33. Sancar GB, Jorns MS, Payne G, Fluke DJ, Rupert CS, Sancar A:
Action mechanism of Escherichia coli DNA photolyase. III.
Photolysis of the enzyme-substrate complex and the absolute
action spectrum. J Biol Chem 1987, 262:492-498.
34. Li YF, Heelis PF, Sancar A: Active site of DNA photolyase:
tryptophan-306 is the intrinsic hydrogen atom donor
essential for flavin radical photoreduction and DNA repair in
vitro. Biochemistry 1991, 30:6322-6329.
35. Cheung MS, Daizadeh I, Stuchebrukhov AA, Heelis PF: Pathways
of electron transfer in Escherichia coli DNA photolyase:
Trp306 to FADH. Biophys J 1999, 76:1241-1249.
36. Aubert C, Vos MH, Mathis P, Eker AP, Brettel K: Intraprotein radical
transfer during photoactivation of DNA photolyase. Nature
2000, 405:586-590.
37. Rutter J, Reick M, Wu LC, McKnight SL: Regulation of clock and
NPAS2 DNA binding by the redox state of NAD cofactors.
Science 2001, 293:510-514.
38. Kobayashi Y, Ishikawa T, Hirayama J, Daiyasu H, Kanai S, Toh H, et
al.: Molecular analysis of zebrafish photolyase/
cryptochrome family: two types of cryptochromes present in
zebrafish. Genes Cells 2000, 5:725-738.
